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X-rays were used to induce melanin biosynthesis in 
brown and black guinea pigs in vivo. During the course 
of pigmentation, the expression of thioredoxin reduc-
tase was increased, whereas for the other antioxidant 
enzymes, superoxide dismutase (cytosol Cu/Zn-en-
zyme), catalase, and glutathione reductase, levels and 
activities decreased. Isobutylmethylxanthine induced 
eumelanin biosynthesis in murine melanoma cells 
T he role of the thioredoxin reductasejthioredoxin sys-tem in antioxidant defense gained widespread recog-nition after the discovery that adult T-cell leukemia-derived factor (ADF) has structural homology and identical activity to human thioredoxin [1]. Thiore-
doxinj ADF has the following activities: it protects against ultravio-
let B (UVB)-induced skin injury,i: improves the survival of skin 
flaps or burned skin,i: regulates glutathione synthesis,i: protects 
against tumor necrosis factor-a [2], functions in antigen processing 
and presentation,i: induces interleukin-2 receptors [3], protects cells 
against peroxidative damage [4], and regulates human tyrosinase by 
an allosteric mechanism [5,6]. In each of these functions, thiore-
doxinj ADF serves as a redox catalyst with nicotinamide adenine 
dinucleotide phosphatejthioredoxin reductase as the electron-do-
nating system [7,8]. Thioredoxin reductase is subject to allosteric 
regulation by calcium, and therefore this fast-exchange ion down-
regulates the activity of thioredoxin reductasejthioredoxin [9,10]. 
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(Cloudman S-91). In these cells, thioredoxin reductase 
levels coincided with melanogenesis. Our results sug-
gest that both tyrosinase and thioredoxin reductase re-
spond to oxidative stress in the epidermis as well as in 
melanoma cells and react with superoxide anion radi-
cals to stimulate melanogenesis and to prevent peroxi-
dative damage, respectively. Key words: oxygen radicals/ 
x-rays.] Invest DermatoI103:820-824, 1994 
Thioredoxin reductase can function independently of thioredoxinj 
ADF in bacteria and mammalian systems by keeping cysteine resi-
dues reduced in cytoplasmic proteins to prevent disulfide bond for-
mation [11]. 
Previously, antibodies against thioredoxinj ADF have been used 
to demonstrate its induction to high levels in virus-transformed 
cells (human T -celllymphotrophic virus type 1, Epstein-Barr virus, 
and human papillomavirus transformed uterine mucosa) [1]. Im-
munohistochemical staining of human skin biopsy specimens and 
keratinocytes revealed that thioredoxinj ADF showed increased ex-
pression after oxidative stress with UVB light and upon hydrogen 
peroxide exposure.i: After UVB irradiation of keratinocytes, thio-
redoxinj ADF migrated from the cell cytosol into the nucleus, pre-
sumably offering both antioxidant protection and the potential to 
synthesize deoxyribonucleotides. Reduced thioredoxinj ADF is an 
effective scavenger of reactive oxygen species such as the superoxide 
anion radical (0 2- ), hydrogen peroxide, and the hydroxyl radica\.t 
Earlier results established that thioredoxin reductase activity in-
creased with skin types I-VI (Fitzpatrick classification) . Thiore-
doxin reductase activities decreased in homozygotes with tyrosin-
ase-positive albinism (Hermansky-Pudlak syndrome) [12-15] . 
Fitzpatrick and Becker [16] were the first to show that melanin 
biosynthesis from L-tyrosine in human skin required activation by 
UVB light. Thus, the activity of tyrosinase depends on the supply of 
L-tyrosine together with UVB-induced oxidative stress [17,18] . 
Recently it has been shown that O 2- represents the preferred sub-
strate for tyrosinase compared to molecular dioxygen, as saturating 
O 2- caused a 40-fold increase in human tyrosinase activity com-
pared to saturating O 2 when L-tyrosine was used as the substrate in 
the reaction [6] . When O 2- was generated in the dark from xan-
thine oxidase, B16 melanoma cells produced as much melanin as 
upon exposure to UVB light.i: Oxygen radicals generated by x-rays 
or other forms of ionizing radiation lead to increased pigmentation 
in skin, melanocytes, or melanoma cells [19-21]. Both thiore-
doxinj ADF and tyrosinase activities are significantly increased by 
oxidative stress in the epidermis [16] .i: In this report, we examined 
the expression and activity of thioredoxin reductase during x-ray 
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Figure 1. Comparison of pigmentation before (top) and 48 h after 
(bottom) irradiation (higb dose) in black (A), brown (B), and white 
(C) guinea pigs. 
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induction of pigmentation in guinea pigs in vivg. In addition, the 
induction of thioredoxin reductase was examined parallel with mel-
anogenesis upon isobutyl methylxanthine (lBMX) exposure in 
Cloudman S-91 melanoma cells. 
MATERIALS AND METHODS 
Animals Female black, brown, and white guinea pigs with an average 
weight of 400 g were used for the experiments (albino pearl bright white 
and BF-STAMM [brown and black]). 
Cloudman S91 Melanoma Cells Cloudman S-91 melanoma cells were 
kindly provided to H .Z.H. by Dr. John Pawelek (Department of Derma to 1-
ogy, Yale University) and cultured in RPMI-S medium without antibiotics 
in the presence and absence of IBMX (0.1 mM) to induce pigmentation. 
Melanin content of the IBMX-induced Cloudman S-91 mouse melanoma 
cells was determined by a modification of the method of Rosenthal et al. 
[22]. 
Irradiation Protocol The x-ray source was a Phillips RT 100, C.H. 
Muller, Hamburg, with a beryllium filter. Experiments were performed at 
low dose (35 seconds/SOOR [4.69 Gy], 10 cm focal distance) and high dose 
(70 seconds/1000R [9.38 Gy], 10 cm focal distance) 10 kV. Five animals 
per color were used for each protocol. Both the left and righ t flanks were 
shaved (4.0 X 6.0 cm). The right flank was irradiated and the left flank 
served as a control. Three-millimeter punch biopsy specimens were taken on 
days 1, 2, 4, and 21 post-irradiation (high or low dose) and immediately snap 
frozen in liquid nitrogen. Epidermal suction blisters were removed before 
and on days 1 and 2 after irradiation (high dose only). 
Determination of Enzyme Levels and Activities 
Thioredoxit1 Reductase: Membrane-associated thioredoxin reductase was 
measured in 3-mm punch biopsy specimens using the EPR technique as 
described previously [4]. Specific activities were determined as decrease of 
the nitroxide radical signal per 3 mm per 10 min [14]. Cytosolic thioredoxin 
reductase levels and activities were determined in cell extracts from epider-
mal suction blisters and Cloud man S91 melanoma cells. Cell-free extracts 
were obtained by ultrasonication in 0.05 M Tris/HCI buffer, pH 7.5, fol-
lowed by centrifugation of 5000 rpm for 30 min at o·c. Thioredoxin re-
ductase was separated using fluorescence polarization liquid chromatogra-
phy (FPLC) with a mono-Q HR 5/5 column, and enzyme levels were 
determined in Ilg/mg protein. Specific activities were measured by the re-
duction of dinitrochlorobenzene (pmol/mg protein/min). Procedures were 
performed as detailed previously [22 - 24] . 
Superoxide Dismutase, Catalase, ot1d Glutathione Reductase: Enzyme levels 
(pg/ mg protein) were determined in epidermal cell extracts after separation 
by FPLC (as described above). Enzyme activities were measured and deter-
mined as Ilmol/mg protein/min. Procedures were detailed previously [22 -
24]. Protein concentration was determined by the method of Kalb and 
Bernlohr [22-24]. 
RESULTS 
Increased pigmentation was observed in brown and black guinea 
pigs 2 d post-irradiation (at low and high doses); white animals 
showed no response. Figure 1 presents the results before and 48 h 
after exposure for each skin type. 
Mean specific activities for thioredoxin reductase were measured 
in 3-mm punch biopsy specimens from black, brown, and white 
guinea pigs (n = 5 animals per skin type) before exposure to x-rays 
and at days 1, 2, 4, and 21 days after irradiation (Fig 2A,B). A 
significant increase in thioredoxin reductase was found after 2 d in 
black guinea pigs concomitant with increased pigmentation. How-
ever, in brown guinea pigs, thioredoxin reductase response started 
with 24 h and reached a maximum at 48 h, whereas no significant 
increase occurred in white guinea pigs. Thioredoxin reductase in-
duction and pigmentation in brown and black animals peaked after 
48 h (Fig 2). Twenty-one days after exposure, thioredoxin reduc-
tase activities returned to control values for white and black animals, 
but activities in brown guinea pigs remained high during this obser-
vation time. For brown and black guinea pigs, the increase in thio-
redoxin reductase activity was highly significant at p < 0.0001, 
whereas for the white guinea pig control, thioredoxin reductase 
levels remained constant within the limits of the method. 
In addition, epidermal sllction blisters were taken from five ani-
mals per skin color, and the levels of superoxide dismutase, catalase, 
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and glutathione reductase were determined before x-ray exposure 
and on days 1 and 2 post-irradiation. Enzymes were separated by 
FPLC, assayed, and quantitated as,ug/mg of total epidermal protein. 
The percentage losses of superoxide dismutase, catalase, and gluta-
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Figure 2. Influence of x-rays on thioredoxin reductase activities in \ 
guinea pig epidermis. A) X-ray- induced thioredoxin reductase in guinea 
pig epidermis using high-dose exposure (70 seconds/1000R [9.38 Gy], 
10 cm focal distance) follows increased pigmentation in brown and black 
guinea pigs. TR units of activity = reduction of nitroxide radical signal per 
3-mm punch biopsy per 10 min.:j: Mean values ofthioredoxin reductase are 
for five animals ± SD; black guinea pigs (dotted /ine), brown guinea pigs 
(dashed line) , and white guinea pig controls (solid /ine) . B) X-ray-induced 
induction of thioredoxin reductase in brown, black, and white guinea pigs 
usmg low-dose exposure (35 seconds/SOOR [4.69 Gy], 10 cm focal dis-
tance). Thioredoxin reductase activities were determined as in Fig 2A. 
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Figure 3. The influcnce of x-rays on supcr?xide ~ismutasc~ cat~lasc, 
and glutathionc rcductase in guinea pig epidermis. SU'peroxlde dlsmu-
tase, catalase, and glutathione reductase were separated USIIl? FPLC as de-
scribed in Materials atld Methods. Enzyme levels were determllled as Itg/mg 
protein. Percentage reduction o~ sup~ro.xide. dismutase (A), catalase .(B) , a~d 
glutathione reductase (C) post-lrradlanon III brown and black gUlllea pig 
epidermis (n = 5). 
are presented in Fig 3A - C. There were no significant changes in 
any of the three enzyme levels in white guin~a pigs after 2 d of 
exposure. This is probably due to the gen~rat1on. of O 2- by the 
melanins in the pigmented antmals, thus mcreasmg the dose of 
oxygen radicals and leading to a more pronounced inactivation of 
these antioxidant enzymes. 
IBMX induced eumelanin production in Cloudman S-91 mela-
noma cells; maximum pigment concentration occurred after 3 d, 
followed by a gradual decrease in melanin content from day 3 to day 
10 (Fig 4). S-91 cells were harvested on days 1, 3,5, and 10. Cell 
extracts were used to determine thioredoxin reductase levels and 
activities by FPLC and melanin content. Figure 4 presents the 
levels of thioredoxin reductase and the induction of melanogenesis 
by IBMX. Thioredoxin reductase levels and activity were signifi-
cantly increased over time, concomitant with melanin biosynthesis. 
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Figure 4. The induction of mclanogcnesis and thioredoxin reduc-
tasc by mMX in Cloudman S-91 melanoma cclls. Time course for the 
induction of thioredoxin reductase in Cloudman S-91 murine melanoma 
cells (dashed lille) compared to the induction of melanogenesis (solid lille) by 
IBMX. Thioredoxin reductase was separated by FPLC. Enzyme levels were 
determined in Itg/mg protein before activities were analyzed using the 
dinitrochlorobenzene assay (umol/mg protein/min). 
DISCUSSION 
A major role for the thioredoxin reductase/thioredoxin system in 
antioxidant defense has been well established [1,7,10]. However, 
only recently, the increased expression of thioredoxin/ ADF has 
been attributed to oxidative stress both in the human epidermis ill 
vivo and in keratinocytes in vitro [6] .:j: Earlier studies established that 
reduced thioredoxin protected lens epithelial cells against hydrogen 
peroxide toxicity by its reduction to water [4,11]. 
In this report, we present the first direct evidence that thiore-
doxin reductase levels also are induced by oxidative stress, showing 
that thioredoxin reductase/thioredoxin responds to the presence of 
reactive oxygen species in the epidermis. Meanwhile, other antioxi-
dant enzyme levels such as superoxide dismutase, catalase, and glu-
tathione reductase are significantly decreased by x-ray - induced ox-
idative stress. 
The preferred reaction of tyrosinase with O 2- compared to O 2 
suggests that melanin biosynthesis by melanocytes serves primarily 
as an oxygen radical-trapping mechanism to protect these cells 
against oxidative stress [5,6]. Reduced thioredoxin/ ADF can con-
trol tyrosinase activity by forming a bis-cysteinate complex with one 
of the copper atoms in the enzyme active site, leading to an allosteric 
down-regulation of activity [5,6]. However, if thioredoxin/ ADF 
functions as an antioxidant catalyst, it would be oxidized to the 
disulfide form, and tyrosinase may be activated concomitantly to 
produce melanin. Our results in guinea pig epidermis and in Cloud-
man S-91 meianoma cells show that thioredoxin reductase induc-
tion follows tyrosinase activity/melanin production (Figs 2, 4, and 
5). The activation of thioredoxin reductase in brown guinea pigs 
indicates an earlier induction of pheomeianogenesis, compared to 
eumelanin formation in the black animals (Fig 2). Thioredoxin/ 
ADF controls cysteine transport and, therefore, glutathione biosyn-
thesis in the epidermis.:j: The dual function of reduced thioredoxin/ 
ADF in controlling the supply ofL-cysteine for pheomelanogenesis 
and in regulating eumelanogenesis (Figs 2, 4, and 5) may account 
for the different kinetic profiles observed in Fig 2 between brown 
and black guinea pigs. 
The induction of melanogenesis by x-rays, UVB light, or xan-
thine oxidase activity (in the dark) [19 - 21] proved O 2- as the pre-
ferred substrate for tyrosinase [6J . Under the conditions postulated 
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Figure 5. Proposed relationsh~p betw~en ty~osinase an~ thiore~oxi~ 
reductase. X-rays generate O 2- In the epidermis, and tyrosinase actiVity IS 
increased because of the induction of thioredoxin reductase/thioredoxin for 
O 2- radical reduction, yielding oxidized thioredoxin. Reduced thioredoxin 
is an allosteric inhibitor of tyrosinase. 
for the stimulation of melanogenesis in Fig 5, the O 2- concentra-
tions induced by x-rays would be saturating for tyrosinase. There-
fore, under these experimental conditions, melanogenesis should be 
controlled only by the supply ofL-tyrosine [17,18]. 
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